Lysine is the most defi cient essential amino acid in cereal grains. A bifunctional lysine-degrading enzyme, lysine ketoglutarate reductase/saccharopine dehydrogenase (LKR/ SDH), is one of the key regulators determining free lysine content in plants. In rice ( Oryza sativa . L), a bifunctional OsLKR/SDH is predominantly present in seeds. Here, we show that OsLKR/SDH is directly regulated by major transcriptional regulators of seed storage protein (SSP) genes: the basic leucine zipper (bZIP) transcription factor (TF), RISBZ1, and the DNA-binding with one fi nger (DOF) transcription factor, RPBF. OsLKR/SDH was highly expressed in the aleurone and subaleurone layers of the endosperm. Mutation analyses in planta, trans -activation reporter assays in vivo and electrophorestic mobility shift assays in vitro showed that the RPBF-recognizing prolamin box (AAAG) and the RISBZ1-recognizing GCN4 motif (TGAG/CTCA) act as important cis -elements for proper expression of OsLKR/ SDH like SSP genes. However, mutation of the GCN4 motif within ProOsLKR/SDH did not alter the spatial expression pattern, whereas mutation of the GCN4 motif within ProGluB-1 did alter spatial expression. Reducing either RISBZ1 or RPBF decreased OsLKR/SDH levels, resulting in an increase in free lysine content in rice grain. This result was in contrast to the fact that a signifi cant reduction of SSP was observed only when these transcription factors were simultaneously reduced, suggesting that RISBZ1 and RPBF regulate SSP genes and OsLKR/SDH with high and limited redundancy, respectively. The same combinations of TF and cis -elements are involved in the regulation of OsLKR/SDH and SSP genes, but there is a distinct difference in their regulation mechanisms.
Introduction
Nutritional and physical quality of rice grains is a complex agronomic trait and is determined by a number of factors, such as the amount of storage compounds, texture, appearance and size. The three major storage compounds in the endosperm are starch, seed storage protein (SSP) and lipid. Amino acid composition is an important factor, and improving the defi cient essential amino acids in cereal seeds is a major target of plant breeding since humans and monogastric animals are unable to synthesize the essential amino acids. In cereals, lysine and tryptophan are the major limiting essential amino acids. In cereal seeds, most amino acids are usually incorporated into proteins, especially SSP, in contrast to free amino acids that are not incorporated into proteins . Since enzymes involved in amino acid metabolism and their regulation mechanisms have been elucidated, it is now possible to manipulate amino acid metabolism by gene engineering. Free forms of defi cient essential amino acids have been enhanced by manipulating the genes encoding key steps in amino acid synthetic pathways through up-regulation of feedback-insensitive enzymes or suppression of catabolism ( Ufaz and Galili 2008 ) .
OPAQUE2 (O2) is a basic leucine zipper (bZIP) transcription factor (TF) regulating the zein genes, ribosome-inactivating protein b32 and cytosolic pyruvate orthophosphate dikinase cyPPDK1 ( Hartings et al. 1989 , Hartings et al. 1990 , Schmidt et al. 1990 , Lohmer et al. 1991 , Schmidt et al. 1992 , Maddaloni et al. 1996 . In o2 , lysine-poor α -zein decreased, but lysine-rich non-zein increased in compensation, resulting in a higher total lysine content ( Mertz et al. 1964 ) . In addition to protein-bound lysine, free lysine could be increased by altering lysine catabolism ( Kemper et al. 1999 ) . In maize kernels, lysine degradation is catalyzed by lysine ketoglutarate reductase (LKR) that condenses lysine and α -ketoglutarate forming saccharopine ( Fig. 1 ) ( Arruda et al. 2000 ) . The activity of purifi ed LKR is associated with saccharopine dehydrogenase (SDH) activity that hydrolyzes saccharopine, producing α -aminoadipic-δ -semialdehyde and glutamate ( Fig. 1 ) ( Goncalves-Butruille et al. 1996 ) . The bifunctional nature of this enzyme is attributed to its modular structure, being composed of an LKR similar to yeast LYS1, a plant-specifi c interdomain region and an SDH similar to yeast LYS9 ( Kemper et al. 1999 ) . Therefore, this enzyme is designated as LKR/SDH. Bifunctional LKR/SDH is conserved in various eukaryotes ( Arruda et al. 2000 ) . In o2 kernels, the expression level of ZmLKR/SDH and the accumulation level of ZmLKR/SDH are lower than those of the wild type, resulting in reduced LKR/SDH activity and a higher free lysine content ( Kemper et al. 1999 ) . In addition, the O2-recognizing O2 box exists in the promoter of ZmLKR/SDH ( ProZmLKR/SDH ), and O2 binds to ProZmLKR/SDH and recruits RNA polymerase II (RNPII) that catalyzes the transcription of DNA to synthesize precursors of mRNA and most small nuclear RNA (snRNA) and microRNA ( Arruda et al. 2000 , Locatelli et al. 2009 ). Collectively, these data suggest that ZmLKR/SDH is directly regulated by O2.
RISBZ1, a rice ortholog of O2, and a plant-specifi c DNA binding with one fi nger (DOF) TF, RPBF, an ortholog of maize prolamin box-binding factor (PBF), are directly involved in regulating SSP genes during rice endosperm development ( Onodera et al. 2001 , Yamamoto et al. 2006 , Kawakatsu et al. 2009 ). We have previously generated knock-down (KD) lines of RISBZ1 and RPBF ( Kawakatsu et al. 2009 ). Neither of the single KD lines showed signifi cant SSP reduction, but the double KD line did, indicating that RISBZ1 and RPBF regulate SSP genes redundantly. Furthermore, reduced activity of RISBZ1 or RPBF is compensated by up-regulation of the other. RISBZ1 and RPBF also form a complex and synergistically trans -activate SSP genes in vivo ( Kawakatsu et al. 2009 ). Such a complex formation and synergism are also known for maize and barley orthologs ( Vicente-Carbajosa et al. 1997 , Onate et al. 1999 . The levels of not only SSPs, but also starch and lipid are reduced in the KD lines. The functional redundancy and compensatory expression between RISBZ1 and RPBF probably account for weak effects on the SSP levels in single KD mutants and help to maintain various processes during rice seed development. Complex formation between RISBZ1 and RPBF may ensure that these processes are carried out properly.
To study further the global functions of RISBZ1 and RPBF during rice grain fi lling and their regulatory mechanisms, we focused on the regulation of the bifunctional LKR/SDH enzyme gene, OsLKR/SDH , and the resultant free lysine content in mature grain. Our results revealed that RPBF and RISBZ1 regulate the free lysine content in rice seeds via directly binding to the promoter of OsLKR/SDH . However, mutations in the GCN4 motif within ProOsLKR/SDH retained the expression pattern, although mutations in the GCN4 motif within ProGluB-1 changed the expression pattern. Furthermore, reduced activity of RISBZ1 or RPBF on OsLKR/SDH was not compensated for by the counterpart. These results showed that the same TFs are involved in transcriptional regulation, but there are distinct mechanisms regulating SSP genes and OsLKR/SDH .
Results and Discussion
OsLKR/SDH is a functional lysine-degrading enzyme in developing rice grain
The levels of a bifunctional lysine-catabolizing enzyme LKR/ SDH are crucial for free lysine content in several plants. In rice, LKR/SDH activity was detected only in the seeds, but its structural gene has not yet been reported ( Gaziola et al. 1997 ) . When a tBLASTn search was conducted using the ZmLKR/SDH amino acid sequence as the query, we found that Os02g0783700 was highly homologous to ZmLKR/SDH , and named this putative gene OsLKR/SDH (identity, 83 % ; similarity, 96 % ). We analyzed the organ specifi city of OsLKR/SDH by immunoblotting using an anti-ZmLKR/SDH antibody. The deduced molecular weight of OsLKR/SDH was 117,000 Da. The OsLKR/SDH band was detected in seeds, but not in roots, shoot apices, leaf blades, fl owers or callus ( Fig. 2A ) . Seed-dominant accumulation is consistent with that observed in maize ( Kemper et al. 1999 ) . To examine the spatial expression pattern of OsLKR/SDH , we analyzed transgenic lines harboring 3.2 kb ProOsLKR/SDH (3.2 kb upstream region from the translation start site) fused to the β -glucuronidase ( GUS ) reporter gene. By histochemical staining, GUS activity in the 3.2 kb ProOsLKR/SDH:GUS line was detected in embryos and endosperm at 5 days after fl owering (DAF) ( Fig. 2B ). In endosperm, GUS activity was observed in peripheral regions (aleurone and subaleurone layers) ( Fig. 2B ). This expression pattern continued at least until 10 DAF ( Fig. 2B-D ) . The expression pattern within the endosperm was similar to that of many SSP genes, such as glutelins and 13 kDa prolamins ( Qu and Takaiwa 2004 ) , although activities in the embryo were different from those of SSP genes. Consistent with the immunoblot analysis, GUS staining was not observed in roots or seedlings, suggesting that the expression level of OsLKR/SDH is quite low in these tissues.
We cloned the full-length cDNA coding for OsLKR/SDH from a pool of immature rice seed mRNA. Recombinant OsLKR/ SDH (rOsLKR/SDH) with an N-terminal histidine (His)-tag and C-terminal Strep-tag II was synthesized in vitro using a wheat germ system. As a control, we also synthesized dihydrofolate reductase (DHFR) in parallel. rOsLKR/SDH was easily detected at around 120 kDa on a Coomassie Brilliant Blue (CBB)-stained SDS-polyacrylamide gel, and was confi rmed as an intact form by immunoblot analysis using anti-His antibody ( Supplementary Fig. S1A ). However, since it was not effi ciently purifi ed under native conditions (data not shown), the translation product was directly subjected to enzyme assays. The rate of oxidation of NADPH (for LKR activity) and the rate of reduction of NAD + (for SDH activity) were measured. These enzyme activities were much higher for rOsLKR/SDH when supplemented with α -ketoglutarate and saccharopine, respectively, confi rming that rOsLKR/SDH has both LKR activity and SDH activity in vitro ( Supplementary Fig. S1B , C ). Controls using water or rDHFR also had lower enzyme activities than the translation products. The enzyme with LKR and SDH activity had previously been reported to occur in immature rice grains ( Gaziola et al. 1997 ) . The molecular mass of the bifunctional enzyme under native electrophoretic conditions was 202 kDa. Considering that LKR/SDH acts as a dimer, the enzyme with LKR and SDH activity in rice grain must be OsLKR/SDH ( Arruda et al. 2000 ) . In yeast, LKR and SDH activities are encoded by two genes, LYS1 and LYS9 ( Arruda et al. 2000 ) . In Arabidopsis, a bifunctional LKR/SDH as well as a monofunctional SDH are expressed ( Tang et al. 1997 ) . As in maize, only a bifunctional LKR/SDH was accumulated in rice seeds.
P box and GCN4 are required for 0.5 kb ProOsLKR/SDH activity RPBF and its orthologs, maize PBF, barley BPBF and wheat WPBF, recognize a conserved prolamin box (P box: AAAG) within SSP gene promoters, and regulate SSP gene expression ( Vicente-Carbajosa et al. 1997 , Mena et al. 1998 , Yamamoto et al. 2006 , Dong et al. 2007 ). RISBZ1 and its orthologs, maize O2, barley BLZ2 and wheat SPA, regulate SSP gene expression through binding to the conserved GCN4 motif (TGAG/CTCA) or O2 box containing an ACGT core motif within SSP gene promoters ( Schmidt et al. 1992 , Cord Neto et al. 1995 , Albani et al. 1997 , Onate et al. 1999 , Onodera et al. 2001 ). GCN4 and the P box are often located in close proximity, constituting the bipartite endosperm box (or the E box) and are located within ∼ 300 bp from the transcription start site. Since the expression patterns of SSP genes and OsLKR/SDH in endosperm were similar, and O2 is thought to regulate ZmLKR/SDH , we hypothesized that RISBZ1 and RPBF are involved in the regulation of OsLKR/SDH . To test this hypothesis, we looked for GCN4 and P box motifs within ProOsLKR/SDH . The 5 ′ -untranslated region (UTR) of OsLKR/SDH contains a 1.2 kb intron ( Fig. 3A ) . Within a 0.5 kb region upstream of the transcription start site, two cognate P boxes (Pb1 and Pb2) are directly tandemly arrayed (2 bp apart), and GCN4 is located 20 bp downstream of Pb2, constituting the bipartite E box ( Fig. 3A ) . We next investigated whether these cis -elements were functional in planta. Native or mutated 0.5 kb ProOsLKR/SDH:GUS (wt, wild type; mP1, mutated Pb1; mP2, mutated Pb2; dmP, mutated Pb1 and Pb2; mG, mutated GCN4) were transformed into rice. The 0.5 kb ProOsLKR/SDH construct directed GUS expression in the aleurone and subaleurone layers of the endosperm ( Fig. 4 ) like the 3.2 kb ProOsLKR/SDH:GUS construct ( Fig. 2E ). Expression did not occur in the embryo, suggesting that 0.5 kb ProOsLKR/SDH directed restricted expression in the endosperm. Notably, expression was weaker on the dorsal side of the endosperm ( Fig. 4 ). Since the 3.2 kb ProOsLKR/SDH construct contains a 1.2 kb intron in the 5 ′ -UTR, differences between the 3.2 and 0.5 kb ProOsLKR/SDH constructs are in the − 1.9 kb to approximately − 0.5 kb upstream region relative to the transcription start site and the fi rst intron in the 5 ′ -UTR. It is likely that cis -elements required for embryo-specifi c expression may exist in these regions. In rice transformed with 0.5 kb ProOsLKR/SDH mP1:GUS , GUS staining was observed in the aleurone and subaleurone layers ( Fig. 4 ) . Furthermore, GUS staining became broader in the inner region at the bottom of the dorsal side of the endosperm ( Fig. 4 , indicated by the arrowhead). Average GUS activity [1.4 nmol 4-MU (4-methylumbelliferone) min − 1 mg protein − 1 ] was similar to the control (1.7 nmol 4-MU min − 1 mg protein − 1 ). In transgenic rice expressing the 0.5 kb ProOsLKR/SDH mP2:GUS construct, GUS staining was observed in the aleurone and subaleurone layers ( Fig. 4 ), but GUS staining at the dorsal side of the endosperm was much weaker ( Fig. 4 ) . Average GUS activity (0.3 nmol 4-MU min − 1 mg protein − 1 ) was signifi cantly reduced compared with the control. In rice transformed with 0.5 kb ProOsLKR/SDH dmP:GUS , GUS staining was observed on the ventral side of the aleurone and subaleurone layers ( Fig. 4 ) . On the dorsal side, GUS staining in the aleurone and subaleurone layers was very faint, but GUS staining in the inner region was observed ( Fig. 4 , indicated by the arrowhead). Average GUS activity (0.6 nmol 4-MU min − 1 mg protein − 1 ) was signifi cantly reduced compared with the control. In transgenic rice expressing 0.5 kb ProOsLKR/ SDH mG:GUS , GUS staining was observed only on the ventral side of aleurone and subaleurone layers ( Fig. 4 ) . Average GUS activity (0.1 nmol 4-MU min − 1 mg protein − 1 ) was signifi cantly reduced compared with the control and other constructs. These results suggest that Pb1, Pb2 and GCN4 motifs are required for proper expression of OsLKR/SDH .
In contrast to 0.2 kb ProGluB-1 , in which mutations in the P box or GCN4 motifs abolished expression in the aleurone and the subaleurone layer ( Wu et al. 2000 ) , expression on the ventral side of the endosperm was retained even when Pb2 or GCN4 within 0.5 kb ProOsLKR/SDH was mutated ( Fig. 4 ) , indicating that Pb2 and GCN4 are positive cis -elements, especially for expression on the dorsal side. Furthermore, although a mutation in the GCN4 motif within 0.2 kb ProGluB-1 altered the expression pattern in the inner starchy endosperm ( Wu et al. 1998 ), a mutation in the GCN4 motif within 0.5 kb ProOsLKR/SDH did not have the same effect ( Fig. 4 ) . Reporter assay in rice protoplasts. Effectors ( RISBZ1 and RPBF ) were driven by the CaMV 35S promoter followed by the Shrunken intron with an internal deletion. The GUS reporter gene was fused to the 0.5 kb ProOsLKR/SDH with or without mutations. The internal control construct containing the LUC gene driven by the maize Ubiquitin promoter was co-transfected. Trans -activation levels are shown as fold induction relative to GUS/LUC without the effector. Statistical differences are indicated by different letters, using Student's t -test ( P < 0.05). Red, black and green letters indicate statistical differences among assays with RISBZ1 alone, RPBF alone or both RISBZ1 and RPBF, respectively.
Considering that multimers of the P box never drive endosperm expression ( Wu et al. 2000 ) , there may be a GCN4-RISBZ1-independent qualitative cis -element, although its quantitative contribution is weak. This proposal is consistent with the observation that ZmLKR/SDH expression is independently regulated by O2 to some extent ( Kemper et al. 1999 ) . Mutation in Pb1 allowed GUS expression in the inner region of the endosperm ( Fig. 4 , indicated by the arrowheads in both mP1 and dmP), but GUS activity in transgenic plants with 0.5 kb ProOsLKR/SDH mP1:GUS was similar to that in the control ( Fig. 4 ) , suggesting that GUS activity in peripheral regions decreased. Pb1 may act as a positive cis -element for expression in the peripheral region, but acts as a negative cis -element for expression in the inner region of the endosperm.
RISBZ1 and RPBF directly trans -activate OsLKR/SDH
RISBZ1 and RPBF with an N-terminal His-tag and a C-terminal Strep-tag II were expressed in Escherichia coli and purifi ed. The binding of RISBZ1 and RPBF to ProOsLKR/SDH was examined by electrophoretic mobility shift assays (EMSAs). To confi rm the binding of RPBF to ProOsLKR/SDH , digoxigenin (DIG)-labeled oligos containing Pb1, mPb1, Pb2 and mPb2 in 0.5 kb ProOsLKR/SDH (LKR/SDH Pb1, LKR/SDH mPb1, LKR/SDH Pb2 and LKR/SDH mPb2, respectively) were used as probes ( Fig. 5A ). As control experiments, the specifi c binding of RPBF to the P box in 0.2 kb ProGluB-1 was confi rmed ( Yamamoto et al. 2006 ) . When RPBF and the B1 P box were tested, shifted bands were observed, and addition of a competitor (a 50-fold higher amount of non-labeled probes) decreased the shifted bands ( Fig. 5B ). On the other hand, when RPBF and the B1 mP box were tested, no shifted bands were observed ( Fig. 5B ) , showing that purifi ed RPBF specifi cally binds to the P box within 0.2 kb ProGluB-1 . When RPBF and Pb1 or Pb2 were tested, shifted bands were observed, and addition of competitors decreased the shifted bands ( Fig. 5B ) . In contrast, when RPBF and mPb1 or Pb2 were tested, shifted bands were not observed ( Fig. 5B ), indicating that RPBF directly binds to both Pb1 and Pb2 within ProOsLKR/SDH specifi cally. Next, to confi rm binding of RISBZ1 to ProOsLKR/SDH , an oligo containing a GCN4 motif within 0.2 kb ProGluB-1 (B1 GCN4) was used as a probe ( Yamamoto et al. 2006 ) . Non-labeled oligos containing the GCN4 motif or a mutated GCN4 motif (mGCN4) within ProGluB-1 and ProOsLKR/SDH were prepared as competitors (B1 GCN4, B1 mGCN4, LKR/SDH GCN4 and LKR/SDH mGCN4, respectively) ( Fig. 5C ). When RISBZ1 and B1 GCN4 were tested, a shifted band was observed ( Fig. 5C ). Addition of non-labeled Fig. 4 Mutation analysis of cis -elements within the 0.5 kb OsLKR/SDH promoter in planta. Promoter:GUS fusions used in reporter assays were transformed into rice. GUS activities in transgenic rice seeds at 15 DAF were measured. Ten plants derived from each transformation event were used. Each point represents the mean of four seeds from one transgenic line. Vertical bars indicate the mean of 10 plants. Statistical differences are indicated by different letters, using Student's t -test ( P < 0.05). GUS staining was performed for 3 h (wt) or overnight (mP1, mP2, dmP and mG). Arrowheads indicate the spread of GUS staining into the inner region of the endosperm. B1 GCN4 or LKR/SDH GCN4 diminished the shifted band, whereas addition of non-labeled B1 mGCN4 or LKR/SDH mGCN4 did not ( Fig. 5C ), suggesting that RISBZ1 directly binds to the GCN4 motif within 0.5 kb ProOsLKR/SDH .
To examine whether OsLKR/SDH expression was transactivated by RISBZ1 and RPBF in vivo, we performed transient reporter assays. A reporter plasmid harboring 3.2 kb ProOsLKR/ SDH:GUS that conferred GUS expression in the endosperm, and effector plasmids containing RISBZ1 or RPBF under the control of the caulifl ower mosaic virus (CaMV) 35S promoter ( Pro35S ) followed by the Shrunken intron with an internal deletion ( Sh ∆ ) were co-transfected into rice protoplasts (data not shown). Both RISBZ1 and RPBF resulted in 9-and 15-fold enhancements in GUS activities compared with the control (reporter only), respectively, indicating that these individual TFs were involved in trans -activation of 3.2 kb ProOsLKR:SDH:GUS . When both TFs were co-expressed, GUS activity was signifi cantly enhanced (62-fold) compared with individual TFs. Therefore, RISBZ1 and RPBF synergistically trans -activate OsLKR/SDH as they do for SSP genes.
Next, we performed reporter assays using native and mutated 0.5 kb ProOsLKR/SDH:GUS . When 0.5 kb ProOsLKR/SDH:GUS was co-expressed with RISBZ1 and RPBF, relative GUS activity increased by 30-and 22-fold when compared with that of the control without an effector ( Fig. 3B ). When both RISBZ1 and RPBF were simultaneously expressed, GUS activity was further up-regulated 150-fold, suggesting that 0.5 kb ProOsLKR/SDH was suffi cient for synergistic trans -activation by RISBZ1 and RPBF ( Fig. 3B ). Mutations in Pb1 or Pb2 severely suppressed trans -activation by RPBF (20 or 13 % of the intact promoter, respectively) ( Fig. 3B ). Considering the EMSA results, RPBF directly trans -activates the expression from ProOsLKR/SDH via Pb1 and Pb2. Trans -activation levels relative to the native form were much higher than the sum of those against mP1 and mP2 ( Fig. 3 ) , indicating that Pb1 and Pb2 act synergistically rather than additively. The effects of a double mutation in Pb1 and Pb2 were similar to those of a single mutation in Pb1 (18 % of the intact promoter) ( Fig. 3B ) . A mutation in the GCN4-like motif severely suppressed trans -activation by RISBZ1 (13 % of the intact promoter) ( Fig. 3B ). Since RISBZ1 directly binds to GCN4 within ProOsLKR/SDH , this trans -activation is direct and through GCN4.
Although RISBZ1 or RPBF never binds to the P box or GCN4, respectively, a mutation in Pb2 affected trans -activation by RISBZ1 (53 % of the intact promoter), and a mutation in the GCN4 motif suppressed trans -activation by RPBF (13 % of the intact promoter) ( Fig. 3B ). Such situations have also been reported for other genes and for other plants ( Yamamoto et al. 2006 , Marzabal et al. 2008 . These mutations also significantly reduced GUS expression from 0.5 kb ProOsLKR/SDH in planta ( Fig. 4 ) , suggesting that adjacent Pb2 and GCN4 motifs are functionally interacting and act as a core functional bifactorial endosperm box. Functional interaction between Pb2 and the GCN4 motif may be explained by complex formation between the two TFs. We have shown that RISBZ1 and RPBF form a complex in vivo ( Kawakatsu et al. 2009 ). Such complex formation may stabilize the binding of TFs to the promoter. Synergism between RISBZ1 and RPBF for trans -activating the expression from ProOsLKR/SDH was still observed even when the P box or GCN4 motif was mutated, although the trans -activation level decreased. Mutation in the GCN4 motif had the greatest effect on the trans -activation level (12 % of the intact promoter) ( Fig. 3B ). Mutations in Pb1 or Pb2 reduced the trans -activation activity (54 and 31 % of the intact promoter), but the effect of mutations in both Pb1 and Pb2 (51 % of the intact promoter) was similar to that of a single mutation in Pb1 ( Fig. 3B ) . Complex formation may also be attributed to the synergism between RISBZ1 and RPBF observed when the P box or GCN4 motif were mutated.
RISBZ1 and RPBF regulate the free lysine content of mature grain
We have generated transgenic rice in which RISBZ1 or/ and RPBF were severely suppressed [knock-down of RISBZ1 (KD-RISBZ1), KD-RPBF and KD-RISBZ1/KD-RPBF]. In developing seeds (14 DAF) of KD-RISBZ1 and KD-RPBF, OsLKR/SDH was expressed at a lower level than that of the wild type ( Fig. 6A ) . In KD-RISBZ1/KD-RPBF, the expression level of OsLKR/SDH was signifi cantly more down-regulated ( Fig. 6A ) . These results suggest that RISBZ1 and RPBF are involved in regulating OsLKR/SDH . Expression of OsLKR/SDH in the wild type was signifi cantly reduced at 21 DAF compared with that at 14 DAF. Further reduced expression of OsLKR/SDH was observed in KD lines ( Fig. 6A ). OsLKR/SDH accumulation was detected at 7 DAF, peaked at 14 and 21 DAF, and then slightly decreased at the mature stage (28 DAF) in the wild type ( Fig. 6B ) . In KD lines, OsLKR/SDH accumulation levels were lower than in the wild type at all stages, but their temporal patterns were unchanged ( Fig. 6B ). KD-RPBF contained the same or a lower amount of OsLKR/SDH than KD-RISBZ1, which was further depressed in KD-RISBZ1/KD-RPBF ( Fig. 6B ) .
We measured the free amino acid content in the mature seeds of wild-type and KD lines ( Table 1 ) . In KD lines, the levels of many free amino acids, including lysine, were increased, and the sum of free amino acids signifi cantly increased ( Table 1 ) . Although grain weights of KD lines were lighter than those of the wild type, the degree of increase in free amino acids was much higher ( Table 1 ) ( Kawakatsu et al. 2009 ). There was a tendency for only certain amino acids to be greatly increased in KD-RISBZ1, whereas almost all amino acids were moderately increased in KD-RPBF ( Table 1 ). In KD-RISBZ1/KD-RPBF, nearly all amino acids were increased to the same or higher levels than those in single KD lines ( Table 1 ) . Notably, the increase in tryptophan was much lower in KD-RISBZ1/ KD-RPBF than for single KD lines. Some amino acids other than lysine also increased in single KD lines by > 3-fold relative to the wild type (aspartate, glutamate, asparagine and arginine in KD-RISBZ1, aspartate in KD-RPBF) ( Table 1 ). In addition to these amino acids, methionine and proline increased > 3-fold in KD-RISBZ1/KD-RPBF ( or slightly lowered in single KD lines, and signifi cantly lowered in a double KD line ( Kawakatsu et al. 2009 ), the unincorporated free amino acid pool became large. Consistently, asparagine, glutamine and arginine are the major amino acids in the uppermost internode phloem sap ( Hayashi and Chino 1990 ) . In o2 , 22 kDa α -zein was reduced, and the sum of free amino acids increased ( Wang and Larkins 2001 ) . Among the increased free amino acids, the relative increase in lysine levels was remarkable in KD lines. The free lysine content in KD-RISBZ1, KD-RPBF and KD-RISBZ1/KD-RPBF became 4.8-, 4.3-and 13.9-fold that of the wild type, respectively. Since cereal SSPs are defi cient in lysine, the reduction of these SSPs could not account for the observed increase in free lysine in KD lines. Rather, we speculate that lysine synthesis was increased or lysine catabolism was decreased in the KD lines. A key enzyme of lysine synthesis is dihydrodipicolinate synthase (DHDPS), whose activity is sensitive to negative feedback regulation by the end-product, lysine ( Arruda et al. 2000 ) . On the other hand, a key enzyme of lysine catabolism is a bifunctional LKR/SDH, whose activity is activated by an excess amount of lysine ( Fig. 1 ) ( Arruda et al. 2000 ) . In o2 kernels with reduced ZmLKR/SDH accumulation, LKR/SDH activity was lowered, resulting in an increased free lysine content (12-to ∼ 18-fold of the control) ( Kemper et al. 1999 ).
In addition, KD of ZmLKR/SDH decreased LKR/SDH activity and increased the free lysine content in kernels (17-to ∼ 23-fold of the control) ( Houmard et al. 2007 ). Accumulation of OsLKR/SDH and free lysine contents were inversely correlated ( Table 1 and Fig. 6B ) . Although we did not analyze LKR activity and SDH activity, reduced accumulation of a functional OsLKR/SDH strongly suggests there would be reduced LKR and SDH activity in grains of KD lines. Lysine is relatively abundant in the uppermost internode phloem sap ( Hayashi and Chino 1990 ) , indicating that the fl ux of lysine into the endosperm occurs. Therefore, even though the activity of OsDHDPS may be inhibited by feedback regulation, reduced accumulation of OsLKR/SDH probably accounted for the increased free lysine content in KD lines.
Similar but distinct regulatory mechanisms function for OsLKR/SDH and SSP genes
We have reported that RISBZ1 and RPBF compensate for the reduced activities of their counterpart in the expression of SSP genes, and a single KD showed little SSP reduction, except for the rice allergen, RA , and glutelin GluD-1 that signifi cantly decreased in KD-RPBF, but not in KD-RISBZ1 ( Kawakatsu et al. 2009 ). Consistently, RPBF strongly trans -activated the expression from ProRA or ProGluD-1 , but RISBZ1 did not trans -activate ProRA and weakly activated ProGluD-1 . Therefore, RA and GluD-1 are mainly regulated by RPBF. This result can be explained by cis -elements: ProRA and ProGluD-1 contain a P box, but lack a GCN4 motif ( Yamamoto et al. 2006 , Kawakatsu et al. 2009 ). However, although both RPBF and RISBZ1 bound to the P box and GCN4 motif within ProOsLKR/SDH ( Fig. 5 ) and trans -activated the expression from it ( Fig. 3 ) , OsLKR/SDH expression was signifi cantly reduced even in individual single KD lines ( Fig. 6 ). This evidence indicates that the compensation effect in OsLKR/SDH is weak and that although the same TFs are involved in regulation of SSP genes and OsLKR/SDH , these TFs activate transcription from target genes differently. We hypothesize that this divergence may come from different sets of cis -elements and different levels of binding by TFs and interacting co-activators. Such different actions have been recently reported in O2 ( Locatelli et al. 2009 ). O2 can recruit not only chromatin-remodeling factors GCN5 and Ada2, but also RNPII to the promoter of target genes ( Bhat et al. 2004 , Locatelli et al. 2009 ). Target genes can be divided into two groups: O2 can recruit GCN5, Ada2 and RNPII to the promoter of targets belonging to group 1, whereas only RNPII is recruited to the promoter of targets belonging to group 2. ZmLKR/SDH belongs to group 2, and requires the other TF to recruit GCN5 and Ada2, whereas the 22 kDa α -zein genes belong to group 1. Although there is no experimental evidence, we hypothesize that SSP genes belong to group 1 and OsLKR/SDH belongs to group 2. RISBZ1 and RPBF may recruit different sets of coactivators to ProOsLKR/SDH , so that RISBZ1 or RPBF alone is not suffi cient for high levels of trans -activation and cannot compensate for the loss of the counterpart. On the other hand, both RISBZ1 and RPBF may recruit the same sets of co-activators to the promoters of SSP genes, resulting in compensation. The AACA and GCN4 motifs within 0.2 kb ProGluB-1 are combinatorially interacting cis -elements ( Wu et al. 2000 ) . ACGT is also an important cis -element for 0.2 kb ProGluB-1 ( Wu et al. 2000 ) . Contextual cis -elements within each target promoter, such as these AACA and ACGT motifs, must be key factors in determining which co-activators to recruit. In this study, we have shown that RISBZ1 and RPBF that are involved in specifi c SSP gene expression also regulate OsLKR/SDH expression. In maize, O2 is involved in regulating ZmLKR/SDH . O2 binds to the region near the O2 box within ProZmLKR/SDH , but the exact binding site has not been determined, nor have functional analyses of the O2 box and GCN4-like motifs been carried out ( Locatelli et al. 2009 ). PBF has not been implicated to regulate ZmLKR/SDH because of the absence of a pbf mutant. There are fi ve P boxes within the 0.5 kb upstream region from the TATA box of ProZmLKR/SDH . Among them, one P box is adjacent to a GCN4-like motif (aGAGTCA), constituting an E box-like element (data not shown). Therefore, PBF may also be involved in regulating ZmLKR/SDH as in rice. Similar regulatory mechanisms between SSP genes and OsLKR/ SDH implicate interaction between SSP synthesis and OsLKR/ SDH function. Among the SSPs, prolamins are poor in lysine. It is natural to speculate that LKR/SDH activities are important for providing available free amino acids other than lysine, especially for prolamins. Accordingly, LKR and SDH activities are lower in rice than in maize, refl ecting that rice grain contains more total lysine than maize ( Gaziola et al. 1997 ). This difference is probably attributed to the fact that major SSPs are the relatively lysine-rich glutelins in rice, whereas lysinepoor zeins are abundant in maize. Additional corroborating evidence includes the lower accumulation level of OsLKR/SDH in 13 kDa proline-less seed (60 % of that in the wild type) ( Supplementary Fig. S2 ), in which the levels of 13 kDa prolamins were reduced . Grain from 13 kDa proline-less seed contained a 0.56-fold higher lysine content relative to wild-type grain. Distinct regulatory mechanisms operating for SSP genes and OsLKR/SDH may be required for such responsive regulation.
Materials and Methods

Plant materials
Generation of KD-RISBZ1, KD-RPBF and KD-RIRSBZ1/KD-RPBF was described previously ( Kawakatsu et al. 2009 ). Rice plants were grown at 25 ° C/20 ° C (12/12 h) under natural light conditions in pots (12 cm diameter) containing a commercial soil mixture (Bonsol No. 1, Sumitomo Chemicals) in a greenhouse.
RNA extraction and expression analysis
Total RNA extraction and quantitative reverse transcription-PCR (RT-PCR) were performed as described previously ( Kawakatsu et al. 2009 ). The primer sets used were 5 ′ -CAG CGAATGGAGCAGAGAATG-3 ′ and 5 ′ -GCTTGGTGCTTTTCG GTTG-3 ′ for OsLKR/SDH, and 5 ′ -TTCCGGTCCTATTGTGTT GG-3 ′ and 5 ′ -ATGCTTTCGCAGTTGTTCGT-3 ′ for 17S rRNA. To produce the ProOsLKR/SDH construct for promoter analysis, the 5 ′ -fl anking regions of OsLKR/SDH ( − 3,261/ − 1 from the translation start site) were amplifi ed and cloned into pKS221 containing GUS and the Nos terminator (pKS221GNT), and then transferred into pHPTGW ( Wakasa et al. 2006 ) . The promoter region of OsLKR/SDH ( − 508/ + 58 from the transcription start site) and its modifi ed versions were amplifi ed and cloned into pDONR4-1 using BP clonase II (Invitrogen, http://www.invitrogen.com ). The construct containing GUS and the Nos terminator was amplifi ed and cloned into pENTR/D-TOPO (Invitrogen), designated as pDTOPO-GNT. Another construct containing a doubled hemagglutinin (HA) tag followed by a 6 × His tag and the Nos terminator was amplifi ed and cloned into pDONR2-3 with BP clonase II, designated as pD2-3-HANT. pDONR4-1 containing promoters, pDTOPO-GNT and pD2-3-HANT were cloned into pHPT4-3GW ( Wakasa et al. 2006 ) with LR clonase II plus (Invitrogen). Rice transformation and GUS staining were performed as described previously ( Goto et al. 1999 , Kawakatsu et al. 2008 .
Protein extraction and immunoblotting
Extraction of total proteins from roots, shoot apices, leaf blades, fl owers, rice seeds and callus, SDS-PAGE and immunoblotting were performed as described previously ( Kawakatsu et al. 2008 ) . Anti-ZmLKR/SDH was a kind gift from Dr. S. Huang (Monsanto). Relative accumulation levels of OsLKR/SDH were calculated from the intensities of immunoblot bands on X-ray fi lms using Image J software ( http://rsbweb.nih.gov/ij/ ).
In vitro translation of OsLKR/SDH and enzymatic activity assays
The region including the translational start site to the stop codon of pET53-DEST (Merck Biosciences, http://www.merckchemicals.com ) was amplifi ed and cloned into the wheat germ expression vector pEU-01 (Cell Free Science, http://www .cfsciences.com/ ), designated as pEU-GW. Total RNA from maturing seed at 7 DAF was reverse transcribed with SuperScript III (Invitrogen). OsLKR/SDH cDNA (from the translation start site to just before the stop codon) was amplifi ed and cloned into the Eco RV-Kpn I site of pKS221. After transfer into pHPTGW with LR clonase II, OsLKR/SDH was transferred into pDONR221 with BP clonase II. Finally, OsLKR/SDH was transferred into pEU-GW for translational fusion to the N-terminal His-tag and the C-terminal Strep-tagII. rDHFR and rOsLKR/SDH were synthesized using the wheat germ in vitro translation system with the Premium Expression kit (Cell Free Science). The pEU-DHFR clone was provided by the supplier as a control.
LKR and SDH activities were analyzed by observing the rate of oxidation of NADPH or the rate of reduction of NAD + , respectively, at 340 nm and 30 ° C. A 10 µl aliquot of translation products or water was incubated in LKR assay buffer (100 mM KH 2 PO 4 :K 2 HPO 4 pH 7.0, 1 mM EDTA, 10 mM MgCl 2 , 25 mM lysine, 325 µM NADPH) with or without 13.3 mM α -ketoglutaric acid. Then 10 µl of translation products or water were incubated in SDH assay buffer (20 mM TAPS pH 8.4, 1 mM EDTA, 2.5 mM NAD + ) with or without 2.15 mM L -saccharopine. Specifi c activities are expressed as the change in absorbance at 340 nm min − 1 .
Transient activation assays
Reporter constructs containing 0.5 kb OsLKR/SDH , pDONR4-1 containing promoters, pDTOPO-GNT and pD2-3-HANT were cloned into pDEST4-3 with LR clonase II plus. Other constructs and assay procedures were described previously ( Yamamoto et al. 2006 , Kawakatsu et al. 2009 ).
EMSAs
RISBZ1 and RPBF full-length cDNA without a stop codon were amplifi ed and cloned into pENTR/D-TOPO, and then transferred into pET-53-DEST with LR clonase II. Recombinant RISBZ1 and RPBF were produced in Rosetta-Gami2 (DE3) (Merck Biosciences), and then purifi ed with Ni Sepharose 6 Fast Flow (GE Healthcare, http://www.gelifesciences.com/ ). Sense and antisense oligos were denatured in a boiling water bath and permitted to hybridize as the water bath temperature gradually cooled to room temperature. For the EMSA probe, double-stranded oligos were end-labeled with DIG. Oligos used in EMSAs are listed in Supplementary Table S1 . EMSA procedures were described previously ( Onodera et al. 2001 ).
Measurement of free amino acid composition
Free amino acids were extracted from 200 mg of bulked rice fl our with 1 ml of 8 % (w/v) trichloroacetic acid at 4 ° C overnight. Samples were fi ltered, and derivatized with o -phthalaldehyde (OPA) and 9-fl uorenylmethyl chloroformate (FMOC). OPA-and FMOC-derivatized samples were injected onto a reverse-phase HPLC column (ZORBAX Eclipse-AAA, 4.6 × 150 mm, 3.5 µm; Agilent Technology, http://www.agilent.com/ ) controlled by an Agilent 1100 HPLC system equipped with a fl uorescence detector.
Supplementary data
Supplementary data are available at PCP online. 
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